25 Introduction: Diabetic retinopathy is accompanied by disturbances in retinal blood flow 26
Hyperinsulinemia, pancreatic clamp, retinal autoregulation, isometric exerciseOy, Turku, Finland). Serum cortisol was measured with a solid-phase, time-resolved 123 fluoroimmunoassay (DELFIA, Wallac Oy). 124
There was no significant difference between the baseline levels of plasma glucose, serum 125 insulin, C peptide, and glucagon on the days of protocol N and H shown in Table 1 126 (Student's t-test, p > 0.48 for all comparisons). 127 128
Ophthalmological examinations: 129
The pupils were dilated on both eyes at t = -120 min using topical 130 cyclopentolatehydrochloride (Cyclogyl 1%, Alcon, USA), and a sequence of eye 131 examinations was started at t = -60 and was repeated starting at t = 180. Each sequence 132 consisted of: Measurement of the intraocular pressure, diameter measurement of retinal 133 arterioles before and during isometric exercise using a Dynamic Vessel Analyzer (Imedos, 134
Jena, Germany), measurement of macular thickness by optical coherence tomography 135 (OCT) scanning (Humphrey instruments, San Leandro, USA, Version A6.1) with six radial 136 scans centered on the fovea. The mean thickness of the fovea was calculated from the 137 center value provided by the instrument software. 138
139

Diameter measurements of retinal arterioles: 140
The measurement of the diameter of retinal arterioles was performed as described 141 previously (13,20,21). The arterioles were studied in the left eye from all test persons. The 142 study arteriole was chosen as the largest arteriole among first and second order arterioles 143 located between two bifurcations within three disk diameters from the optic disk, resulting
The DVA examination had two sequences. The first sequence consisted of three minutes 146 of rest (baseline), three minutes of exercise where the blood pressure was increased by 147 isometric exercise induced by lifting a 2 kg hand weight, and three minutes of rest where 148 the blood pressure could return to normal. The second sequence consisted of two minutes 149 of rest (baseline) followed by two minutes where the retina was stimulated with flickering 150 light, two minutes of rest, two minutes with combined isometric exercise and stimulation 151 with flickering light, and two minutes of rest to ensure that the blood pressure returned to 152 baseline. The blood pressure was measured on the upper left arm using oscillometric 153 technique (Omron M4, Japan), at the beginning of the baseline period and 120 seconds 154 after the beginning of the periods with exercise and/or flicker stimulation. The vascular 155 diameters were calculated as the mean of the arteriolar diameters recorded during the 156 baseline period and the diameters recorded between 120 and 150 seconds during theThe change in the respective parameters during the H and the N study days, the change 170 between baseline diameter, and the change in diameter from baseline to the exercise part, 171
were tested using the paired sample t-test, and results are given as mean±SEM. For each 172 of the three interventions two-way ANOVA was used to test for significant differences 173 between the examination day and between the first and the second intervention on these 174 days, followed by Bonferroni's post test in order to identify the parameter(s) that differed 175 significantly from the others. The study showed contraction of retinal arterioles during isometric exercise which was 250 comparable to previous results obtained in the same age group (19). However, it appeared 251 that the diameter response was reduced when isometric exercise was repeated which may 252 indicate habituation to this stimulus. Thus, in another study reduced arteriolar contraction 253 after isometric exercise was attributed to ingestion of glucose (16), but the response may 254 have been due to habituation since no control group not ingesting glucose was included. 255
Previous studies have shown that insulin has a vasodilating effect on retinal arterioles in 256 vitro when applied intraluminally, but not extraluminally (22) and on the systemic 257 circulation in general (23,24), which is mediated by nitric oxide (25,26). This suggests a 258 physiological effect of insulin transported in the blood stream on diameter regulation of 259 arterioles in the retinal circulation and elsewhere in the body. However, in the present 260 study the contraction of retinal arterioles to isometric exercise was found to be increased 261 during hyperinsulinemia. The finding is in accordance with a recent study that reported 262 improved vascular function after infusion of insulin in children with type 1 diabetes mellitusactivation of the sympathetic nervous system with contraction of the larger arterioles 266 supplying the eye (28,29) and may be involved in modulating the response of intermittent 267 pulsatile insulin secretion on diabetic complications in the eye and elsewhere (30). 268
The study also showed flicker induced vasodilatation which is comparable to previous 269 reports (11,31). This flicker induced dilatation was significantly increased during the 270 second examination which may be due to the different time of the day, but may also be a 271 carry over effect from the first examination because the initial flicker stimulation had 272 increased the sensitivity to the subsequent flicker stimulation. A similar response has been 273 found in a study where patients with primary open angle glaucoma were exposed to 274 increasing flicker frequencies (32), whereas this response has not been found in normal 275 persons and in diabetic patients (10). The background for this finding therefore remains to 276 be elucidated. 277
Finally, the study showed that a simultaneous increase in the arterial blood pressure by 278 isometric exercise and stimulation with flickering light induced vasodilation similar to 279 dilatation induced by flicker stimulation alone (11,13). Additionally, it was shown that this 280 diameter response was unaffected by repeating the examination and by hyperinsulinemia, 281 which is in accordance with studies showing that reduced diameter responses to isometric 282 exercise and flicker stimulation in patients with diabetes mellitus are neutralized when the 283 two stimulus paradigms are presented simultaneously (11,33,34). This evidence suggests 284 that the mechanisms leading to vasodilatation during activation of the retinal metabolism 285 can overrule the mechanisms leading to vasoconstriction during increased arterial blood 286
pressure. 287
The results of several studies suggest that insulin may have trophic effects in the retinaother than those directly related to uptake of glucose in peripheral tissues. Thus, in animal 289 models insulin can stimulate the development of axial myopia (35) and delay the death of 290 photoreceptors in tapetoretinal degeneration (36), whereas silencing of insulin receptors 291 has been shown to increase the loss of retinal Müller cells (37). These effects on cellular 292 growth and survival may have implications for retinal metabolism, and thereby for the 293 regulation of retinal blood flow. However, these effects of insulin are probably initiated 294 more gradually and have a more sustained action than the effects of acute changes in 295 plasma insulin observed in the present study. 296
Altogether, the study has shown that hyperinsulinemia can increase the contraction of 297 retinal arterioles in normal persons during isometric exercise. This evidence was obtained 298
during an acute increase in the insulin level, but may potentially reflect the changes in type 299 2 diabetic patients where insulin levels are increased several years before disturbances in 300 autoregulation can be registered. This hypothesis might be tested in a clamp study in type 301 2 diabetic patients designed to elucidate whether changes in the diameter response of 302 retinal arterioles during hyperinsulinemia correlate with the severity of diabetic retinopathy 303 or other diabetic late complications. Assuming that the perfusion pressure is constant, 304 changes in the diameter of retinal arterioles will reflect changes in retinal blood flow. 305 Therefore, the findings indicate that changes in plasma insulin may contribute to the 306 changes in retinal blood flow involved in the development of diabetic retinopathy. Tables   505   Legend to Table 1 : 506
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Baseline levels of plasma glucose, serum insulin, C peptide and glucagon before the 507 beginning of the experiments on the two protocol days. p-values result from comparisons 508 using Student's paired t-test. 509 510 Legend to Table 2 
